In this paper, the piezoresistive response (i.e. the change of resistance under the application of strain) of polymer composites reinforced by a novel material known as fuzzy fibers is characterized by using single tow piezoresistive fragmentation tests and modeled by using a 3D computational multiscale model based on the finite element analysis. In the characterization work, the fuzzy fiber tow is embedded in a dogbone specimen infused by Epoxy, with resistance and displacement measured simultaneously to obtain its piezoresistive response.
Introduction
The fuzzy fiber material [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] is an engineering material that has a carbon, glass, ceramic, or alumina structural fiber core, with dense CNT "forest" coated on the fiber surface, as observed in Fig. 1 . In the fuzzy fiber reinforced polymer composites (FFRPC), the CNTs on the structural fiber surface form a multifunctional interphase region, which can provide enhanced load transfer, damage resistance, higher thermal and electrical conductivities, and electromechanical coupling in the form of piezoresistivity. For example, it is found that fuzzy fibers coated with randomly oriented MWCNTs and aligned MWCNTs can have 71% and 11% increase respectively in interfacial shear strength over the unsized and untreated fibers [8] . It is measured that FFRPC with alumina-fiber cores have a high electrical conductivity of >100 S/m and an enhancement of thermal conductivity (∼1 W/m K) [10] . Sebastian et al. [12] integrated fuzzy fiber sensors into composite structures to explore their internal sensing abilities. It is found that the fuzzy fiber sensors with a gauge factor of 1.6 -2.3, which is similar to conventional strain gauges, can provide sensing over large sections and in locations not accessible to conventional strain gauging techniques. The multi-functionality of the interphase region makes FFRPC good candidates for multifunctional applications such as structural health monitoring, electromagnetic shielding, fire resisting and deicing [10, 12] . In this paper we are focused on modeling and characterization of the piezoresistive response of FFRPC, which is believed to be governed by the piezoresistive response of the nanocomposite interphase. It has been found that in the small strain range, with a small wt% loading of single-walled carbon nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs), linear, reversible and path independent piezoresistive response has been observed in a range of polymer nanocomposites including Polycarbonate [13] , PMMA [14] , Polyimide [15] , Epoxy [16] , and PSF [17] among others. The maximum gauge factors (<10) are achieved at a concentration just above or a few times larger than the percolation threshold concen-2 tration [14, 15, [17] [18] [19] , which makes CNT-polymer nanocomposites very attractive in the manufacturing of high gauge-factor light-weight strain gauges [10, [13] [14] [15] [16] [20] [21] [22] [23] [24] [25] [26] [27] . In contrast to the customary surface strain measurements, FFRPC strain gauges have the potential to be directly embedded in structural composites during composite processing to provide internal strain sensing [10, 22, 24] . In order to aide in the design of FFRPC strain gauges with tailored sensitivities, it is necessary to develop an understanding of the underlying mechanisms which govern the macroscale piezoresistive response.
Currently several mechanisms, which may potentially account for the observed overall piezoresistivity of the nanocomposites, have been identified. For example, the electrical tunneling effect (electron hopping) is a phenomenon allowing electrons to be transported between CNTs that are close enough to one another thereby forming conductive paths through the normally insulating polymer matrix [28] [29] [30] [31] [32] [33] [34] [35] [36] . The electrical tunneling effect has been observed to be highly sensitive to the distances of adjacent CNTs. When distance between two neighboring CNTs is increased by several nanometers, the electrical conductivity in the conductive path between the two CNTs corresponding to electron tunneling is sharply reduced, returning to the insulating matrix value at the maximum electrical tunneling dis-
tance. An additional mechanism is associated with the CNTs themselves which have been shown to have a considerable inherent piezoresistive effect [35, [37] [38] [39] [40] [41] [42] [43] . It has been observed both experimentally and in modeling that mechanical deformation of CNTs can directly lead to significant changes in their conductance [38] , indicating CNTs are themselves good strain sensors due to inherent piezoresistivity. In both of the electrical tunneling effect and the inherent piezoresistive effect of the CNT, the mechanical and electrostatic properties are one-way coupled, i.e. the mechanical properties can greatly influence the electrostatic properties, but not vice versa. In order to obtain the overall piezoresistive response of the nanocomposites, and in turn the FFRPCs, it is crucial to account for the local piezoresistive response in light of multiple mechanisms, especially given the dependence on dispersion.
To date, modeling efforts in the literature have been focused on obtaining the effective mechanical and electrostatic properties of FFRPC [44] [45] [46] [47] . For example, Chatzigeorgiou et al. [46] applied a hierarchical analytic composite cylinders method (CCM) to obtain the overall effective mechanical properties of the composites reinforced by radially aligned fuzzy 3 fibers. The impact of the CNT length and volume fraction on the overall composite properties is studied. In contrast, Kundalwal and Ray [44, 45] used the Mechanics of Materials (MOM) approach and the Mori-Tanaka (MT) method respectively for obtaining the effective mechanical properties of the fuzzy fiber reinforced composites. In [44] [45] [46] , they all found that due to the radial growing of CNTs, the transverse effective properties of this composite are significantly improved. In a similar manner as in [46] , Seidel et al. [47] studied the effective electrostatic properties of FFRPC by using a hierarchial electrostatic CCM model and a finite element model (FEM) respectively. However, to our knowledge, no efforts have been found in the literature for modeling the piezoresistive, i.e. the mechanical-electrostatic coupled response of FFRPC.
In this paper, single tow piezoresistive fragmentation testing is conducted for characterization of the piezoresistive response of FFRPC. Correspondingly, a 3D computational multiscale mechanical-electrostatic coupled model is constructed to model the same process.
The detailed experimental and modeling work are introduced in section 2 and section 3 respectively.
Single Tow Piezoresistive Fragmentation Testing
The fuzzy fiber tows being tested were manufactured in the University of Dayton Research Institute, with glass fiber as the structural fiber core, as seen in Fig. 2 . Within one fuzzy fiber tow, it is estimated that there are roughly 600 single fuzzy fibers. By measuring multiple places of different fuzzy fiber structural cores in SEM, as shown in Fig. 2(c) , the diameter of the fuzzy fiber structural core is approximately 6 µm. On the fuzzy fiber structural cores, densely packed and randomly oriented MWCNTs are observed ( Fig. 2(b) , 2(d), 2(e)). It is also noticeable in Fig. 2 (c) that in some regions of the fuzzy fiber surfaces, the CNTs are completely peeled off or sparse. The thickness of the CNT forest on the fuzzy fibers is hard to determine as it varies along the fiber length and from one fiber to another. The fuzzy fiber tow is embedded into the dogbone-shaped Epoxy specimen for piezoresistive testing.
The fabrication process of the specimens is introduced in section 2.1. Note that the diameter of the structural fiber core is measured as 6 µm. d) FSEM image of a section of a single fuzzy fiber (Scale bar: 2 µm). e) FESEM image of the CNTs on the fuzzy fibers (Scale bar: 1 µm).
Specimen Fabrication
Dogbone molds with a gauge section length of 26 mm were created out of Mold Max 60 high heat resistance silicon rubber (Smooth-On), as illustrated in Fig. 3 . A master specimen was made using a 3D printer and was then covered in the degassed silicon mix. The molds 5
were then allowed to cure overnight at room temperature. When the rubber molds were ready for specimen preparation, a light coating of PTFE Mold Release (Miller-Stephenson) was applied. One end of a fuzzy fiber tow was covered in a conductive silver Epoxy (MG Chemicals) and then attached to a braided copper wire. The fuzzy fiber tow was placed inside of a notch created in the molds (Fig. 3) , and was then cured for 15 minutes inside a 65
• C oven. The notch was then filled with a 5-minute Epoxy, and the point where the fuzzy fiber is connected to the copper wire was immersed into the 5-minute epoxy. The epoxy was cured for 5 minutes at room temperature. The same procedure was followed for the other side of the mold. When laying the other end of the fuzzy fiber tow connection it was held taught by hand while the 5-minute Epoxy was curing to ensure the fuzzy fiber would remain in a tight axial position throughout the dogbone specimen. rpm for one hour. Once the fuzzy fibers tow inside the silicon molds were ready, the Epoxy was poured into the molds and then degassed for 10 minutes. The specimens were placed into the oven to cure at 121
• C for four hours. After specimens were cool enough to work with, they were sanded down to an even 1.7 mm thickness, as seen in Fig. 4 (a) and Fig. 4 (b).
One specimen was broken by tension and was viewed at the fracture surface perpendicular to the tow stretch/axial direction, as seen in Fig 
Test Procedure
After the specimens were prepared they were secured into a benchtop tensile test machine fabricated in house, as seen in Fig. 5 . The tensile machine is equipped with a 500
lbs. capacity load cell (Load Cell Central), powered by a NEMA 17 stepper motor (Lin Engineering). Specimens were tested in accordance with the ASTM 3038 composite-fiber testing standard, pulling the specimen at a rate of 2 mm/min. Resistance measurements were obtained at the same time by using an Agilent E4980A precision LCR meter with a two terminal measurement contact. Fig. 4(c) , the single fuzzy fibers within the fuzzy fiber tow are assumed to be well dispersed, aligned, and have homogeneous material properties in their axial directions, therefore the effective mechanical and electrostatic properties of the fuzzy fiber tow can be assumed to be statistically transversely isotropic, for which the 3D hexagonal-array microscale RVE [48] with a small thickness is used, as shown in Fig. 6b . The single fuzzy fibers as identified in the microscale RVE (as shown in Fig. 6c ) can be idealized to contain two concentric layers: the first is the cylindrical structural fiber, and the second is the effective nanocomposite interphase (intermediate cylindrical layer) which consists of densely packed CNTs and polymer matrix, as shown in Fig. 6d . Based on the observations that (a) the diameter of the structural fiber is very large compared to the diameter of the CNTs and (b) the CNTs are normally densely packed along the structural fiber surface, we assume that locally the CNTs are well-dispersed and aligned. Hence, we can use a nanoscale hexagonal-array RVE as seen in Fig. 6e to determine the local piezoresistive response.
The relationship between the microscale coordinate system and the nanoscale coordinate system is shown in Fig. 7 . By using 3-1-2 set of Euler angles 1 , the coordinate transformation between the micro and nanoscales can be described by the rotation matrix denoted as
Conversely, the rotation matrix from the nanoscale to the microscale is taken as Q = R −1 .
Ideally, the CNTs in the interphase region can be assumed to be radially oriented, corresponding to fuzzy fibers like those of Fig. 1 (a). In this ideal case the interphase can be considered as cylindrically orthotropic symmetry [46, 49] with θ = θ and ϕ = 0, in which θ ∈ [0, 2π) is the angle formed by the in-plane direction of the nanoscale RVE to the axis of the corresponding structural fiber, as seen in Fig. 6b . Conversely, the CNTs can be assumed to be randomly oriented in the interphase region corresponding to fuzzy fibers like those shown in Fig. 1(b) . In this case, to represent the statistically randomly distributed CNTs, we choose θ = 2πy 1 and φ = arcsin(y 2 ), in which y 1 and y 2 are generated from random number generators and y 1 ∈ [0, 1) and y 2 ∈ [−1, 1) [50] . 
Computational Procedures for the 3D Multiscale Model
An in-house multiscale finite element code is developed to model the three scales: the macroscaleX, the microscale X, and the nanoscaleŶ. The effective piezoresistive properties of the effective fuzzy fiber tow within the macroscale FEM is represented by the one of the microscale hexagonal RVE, and for every integration point of the interphase region of the microscale hexagonal RVE, there is a corresponding nanoscale RVE to represent the welldispersed, aligned CNTs leading to the piezoresistive response at the nanoscale. While the macroscale dogbone model is meshed by 4-node linear tetrahedron elements, the microscale and nanoscale hexagonal microscale RVEs are meshed by 8-node linear hexahedron elements with 8 integration points. The reason for using the linear tetrahedron elements for the macroscale is that it is easier to use them to mesh the macroscale FEM with a cylindrical inclusion, and the reason for using the linear hexahedron elements for the microscale and nanoscale is that it is easier to use them for applying the periodic boundary conditions (P.B.C.s) on the parallelepiped RVEs.
For the mechanical properties of the multiscale model, as the strains applied in the single tow fragmentation tests are small, the material constituents within the multiscale model 10 are assumed to be linear elastic and are assumed to be perfectly bonded with each other.
The effective stiffness tensor of the nanoscale hexagonal RVEĈ eff is first obtained from the computational micromechanics method by solving several periodic boundary value problems as introduced in [48] , and is then applied at the integration points of the interphase region of the microscale RVE using the rotation matrix obtained from Eq. (1) according to:
in which 'int' denotes 'interphase' and 'eff' denotes 'effective'. By applying the computational micromechanics method again, this time for the microscale RVE as opposed to the nanoscale, the effective mechanical stiffness tensor of the microscale hexagonal RVE C eff is obtained and as is noted to have transversely isotropic symmetry corresponding to the effective fuzzy fiber tow region with statistically well-dispersed and aligned single fuzzy fibers, i.e.C eff = C eff .
Having obtained the stiffness of the multiscale model, boundary conditions corresponding to those applied in the experiment are introduced to the macroscale FEM, as shown in Fig. 8(a) . As the 3D macroscale strain tensorε within the effective fuzzy fiber tow region is nearly uniform, the average macroscale strain tensorε avg is obtained by volume averaging the strain field components within the fuzzy fiber tow region, and is then applied as a set of periodic boundary conditions to the microscale hexagonal RVE, as shown in Fig. 8 (b), according to
in which S ±X j are the opposite surfaces on the microscale RVE and d(S +X j , S −X j ) is the corresponding distance of the opposite surfaces. Under the macroscale average strain field applied as P.B.C.s, the microscale strain tensor at every integration point of the interphase region of the microscale RVE is further obtained and applied to the nanoscale hexagonal RVE as a set of periodic boundary conditions by matrix rotation, i.e.
in which R depends on the orientation of the nanoscale RVE relative to the microscale coordinate system, as illustrated in Fig. 7 . nanoscale RVE under the applied microscale strain field can be observed in Fig. 8(c) , in which the relative locations of the CNTs are changed and the CNTs are strained. Having obtained the local mechanical response in the nanoscale RVE associated with the macroscale applied mechanical loads via the top down approach, two piezoresistive mechanisms are considered within the nanoscale RVE: 1) the electrical tunneling effect and 2) the inherent CNT piezoresistivity. The electrical tunneling algorithm applied herein within the finite element model has been discussed in detail in our previous work in [51] . Applying this algorithm to all matrix points in the well-dispersed nanoscale RVE leads to a clearly visible pattern of tunneling paths within the matrix ( Fig. 9(a) ) for percolated local nanoscale RVE volume fractions, e.g. greater than 50% depending on tunneling parameters, radius of the CNT, and resistivity of the neat polymer matrix without electrical tunneling effect. As a result of the applied periodic boundary conditions on the nanoscale RVE, the local distances between CNTs will change, as such, the local resistivities of the conducting paths are evolved.
The second mechanism is the inherent piezoresistivity of the CNT, which depends on the strains within the CNT. The CNTs are expected to exhibit inherent piezoresistivity such that the change in resistivity is related to the strain in the CNT through the piezoresistive strain coefficients as [52] ∆ρ
Here, for simplified demonstration purposes, it is further assumed thatĝ 1111 =ĝ 2222 =ĝ 3333 with all otherĝ ijkl being zero. As a result of the applied P.B.C.s on the nanoscale RVE and by assuming perfect bonding, the amount of strain transferred to the CNTs will increase with increase in applied load, especially at higher volume fractions [52] . The corresponding change in CNT resistivity due to inherent piezoresistivity of the CNT (as observed in Fig. 9(a) ) will in turn have influence on the piezoresistive response of the nanoscale RVE.
Once the distribution of resistivities within the nanoscale RVE is obtained, the electrical energy equivalence method [52] is used to obtain the effective electrostatic properties of the nanoscale RVE, which are then substituted into the integration points of the microscale RVE.
The electrical energy equivalence method is then used again to obtain the effective electrostatic properties ρ eff ij of the microscale RVE, which are used to represent the ones of effective fuzzy fiber tow within the macroscale FEM, i.e.ρ (1 +ε avg 11 )(1 +ε
It is worth mentioning that in order to speed up computations on the multiscale model, parallel computation techniques are applied to the nanoscale RVEs by using 40 processors in a cluster system running CentOs Linux 5, such that the total running time of the model is significantly reduced. For example, in our model the macroscale FEM contains ∼54,000 tetrahedron elements, the microscale RVEs with different thicknesses of the interphase contain 16,000 -21,000 hexahedron elements, correspondingly, there are 2,500 -14,000 integration points within the interphase region, with each integration point relates to a nanoscale RVE of 3,100 -6,200 hexahedron elements. For such a big 3D multiscale problem, the running time of each time step can be limited to from 11 minutes to 126 minutes, which is satisfactorily fast.
Experimental Results and Discussion
During the fabrication process, the resistances of three different specimens are recorded at each processing step, as seen in Fig. 10 . From step 1 to step 2, a change of resistance is recorded for each specimen after the conductive epoxy lead is fused with the fuzzy fiber tow.
The resistances are still on the same order as the original fuzzy fiber tow, which implies that the conductive epoxy leads and the fuzzy fiber tows are well connected. From step 2 to step 3 every specimen shows an appreciable increase in resistance as the liquid epoxy permeates the fuzzy fiber. It is believed to be from a decrease in local nanocomposite volume fraction as the epoxy separates the CNTs. From step 3 to step 4 there is again appreciable change between uncured and cured epoxy, which implies that the curing cause contraction of the polymer matrix, therefore an increase in local nanocomposite volume fractions. From 4 to 5 the measurable increase in resistance in all specimens implies there is a thermal effect on the 14 resistance of the specimen. At the last step, the measurable increase in resistance is believed to be from the change of specimen microstructure induced by mechanical disturbances on the surface. It can be noted that for the three different specimens, the zero strain resistances have a good degree of scatter depending on the microstructure, and the gauge factor of the specimen is a relative change in the resistance measure. Once the fuzzy fiber specimens are manufactured, they are placed into the tensile machine, with simultaneous resistance and load measured to obtain the piezoresistive responses, as seen in Fig. 11 . It is found that there is a good correlation between the measured resistance and the applied load, as seen in 6). The piezoresistive response of the specimen is therefore entirely from its geometric effect, which is not sensitive to the level of applied strain. 2) the average gauge factor for the specimens is 0.14, which is one order smaller than the ones reported in [12] (1.6 -2.3), and is also calculated to be one order smaller than the specimen with an embedded pure glass fiber tow (∼1.5). This is believed to be mainly originated from the sparse regions on the fuzzy fibers, which is discussed in section 5.2. 
Modeling Results and Discussion

Modeling of FFRPC with Cylindrical Orthotropic or Randomly Oriented CNTs
The macroscale FEM, and the microscale and nanoscale RVEs are constructed based on morphological data obtained from the characterization of the physical specimens. For example, the diameter of the single fuzzy fiber is chosen to be 6 µm, and the volume fraction of single fuzzy fibers within the epoxy matrix infused fuzzy fiber tow is chosen to be 3%.
As mentioned before, the thickness of the interphase on the single fuzzy fibers is hard to determine as it varies along the fiber length and from one fiber to another. As such, a parametric study is conducted wherein the thickness of the nanocomposite interphase of the fuzzy fiber is varied from 1 to 2 to 3 µm. Such thicknesses are consistent with lengths of MWCNTs observed in Fig. 2 (e) which were observed to be 1 µm and longer. In order to simplify the problem, the outer and inner diameters of the CNT are chosen to be 13 nm and 4 nm, respectively, as was reported in [53] . Under small strain assumptions, the CNT annulus, Epoxy, and glass fiber are taken to be isotropic linear elastic, with the Young's modulus and Poisson's ratio of 1100 GPa and 0.14, 3.0 GPa and 0.3, and 78 GPa and 0.22, respectively [54, 55] . The initial isotropic resistivity within the CNT annulus is chosen to be 10 −5 Ω · m [56, 57] , the isotropic resistivity of the glass fiber is 4.02 × 10 12 Ω · m [55] , and Epoxy is likewise isotropic with a measured resistivity of 10 15 Ω · m in the absence of electrical tunneling. Barrier heights for Epoxy have been reported to be on the order of λ= 0.5 -2.5 eV [36] , therefore an average value of λ = 1.5 eV is used here. As in the studies of [35, 58] the reported CNT inherent piezoresistive gauge factors are ≤7 under small strains, a relatively larger CNT inherent gauge factor of 10 will be converted into diagonal isotropic piezoresistive coefficientsĝ C ijkl [52] . By solving five periodic boundary value problems [48] , the mechanical properties of the nanoscale RVEs are obtained first, and are substituted into their corresponding integration points within the interphase region of the microscale RVE. Five periodic boundary value problems are solved again such that the effective mechanical properties of the microscale RVE are obtained. For example, the effective mechanical properties of the microscale RVE with the interphase thickness of 2 µm and with the volume fraction of the CNT at thenanoscale varying from 50% -90% are shown in Fig. 13 . For the FFRPC with cylindrically orthotropic (CO) fuzzy fiber interphases, analytic solutions from the CCM method [46, 47] are available and are compared with the FEM method, as seen in Figs. 13(a) , which is increased by 58.1%, 68.2%, 76.4%, 78.0%, and 49.5% respectively compared to the FEM CO results when the volume fraction of the CNT is from 50% to 90% at the interphase region. This difference arises because by randomly aligning the CNTs within the interphase region, the axial Young's modulus of FFRPC is greatly enhanced due to some of the CNT alignments occurring in the axial direction of the fuzzy fiber tow (as opposed to the radial). By comparing the effective mechanical properties of FFRPC with RA and CO interphases, it can be concluded that the RA orientation of the CNT within the interphase is superior for improving the overall mechanical properties of FFRPC.
Once the mechanical properties of the microscale RVEs are obtained, they are substituted into the effective fuzzy fiber tow region of the macroscale FEM, and the load steps are applied through displacement boundary conditions corresponding to those applied in the experiment. From each applied load increment at the macroscale, the volume averaged strain tensorε avg ij of the fuzzy fiber tow region is obtained, and is applied as P.B.C.s to the microscale RVEs to obtain their piezoresistive responses according to the multiscale piezoresistive algorithm. The piezoresistive responses of FFRPC with CO interphases are shown in Fig. 14 , from which the key observations are: 1) with the same nanoscale volume fraction of the CNT (above the nanoscale percolation concentration), as the thickness of the interphase increases, the overall effective axial resistivity ρ eff 33 decreases. This is because as the thickness of the interphase increases, it replaces the equivalent amount of non-conducting matrix material, therefore the fuzzy fiber tow can have a larger microscale volume fraction of conducting interphase region such that the axial resistivity is reduced. 2) as the nanoscale volume fraction of the CNT increases, the overall effective axial resistivity decreases by orders of magnitude due to increases in electrical conductivity at the nanoscale associated with increased electron hopping. 3) FFRPC with CO interphases yield very large axial gauge factors, which are ranging from 32.8 to 126.6 atε avg 33 = 4%. 4) For FFRPC with cylindrically orthotropic interphase, the inherent piezoresistivity of the CNT has negligible effect on the overall piezoresistive response at 60%vol -80%vol of the CNT. Only when the volume fraction of the CNT increases to 90%, there is a limited influence, as observed in Fig. 14(d) . This is because although there is inherent piezoresistive effect at 60%vol -80%vol of the CNT, however at the strain levels considered here the inherent piezoresistivity of the CNT only increases the CNT resistivity by at most 4% which remains 16 to 4 orders of magnitude lower than the matrix resistivity such that changes in matrix resistivity due to electron hopping remain the dominant driver of nanoscale piezoresistive response, particularly in the transverse direction as was observed in [51] . In contrast, at 90%vol of the CNT, there is greater strain transfer, therefore a greater inherent piezoresistive effect. More importantly the resistivity of the CNT remains on the same order as the electron hopping induced matrix resistivity, therefore at 90%vol the inherent piezoresistivity of the CNT can have an influence on the overall piezoresistive response of FFRPC. It can be seen that at 90%vol, when the thickness of the interphase increases from 1µm to 3µm, the overall gauge factor is increased It is of interest to note that at 60%vol CNT within the interphase region, as observed in Fig. 14(a) , the gauge factor increases with the increase of thickness of the interphase region, however at the other volume fractions of the CNT, the piezoresistive effect decreases with the increase of interphase thickness. It is also observable that from 60%vol to 90%vol of the CNT, the overall gauge factors reach the highest at 70%vol of the CNT, and gradually decrease from 70%vol to 90%vol of the CNT. These results imply that there is a combination of the CNT volume fraction and the fuzzy fiber interphase thickness that can yield the largest gauge factor of FFRPC, and on the other hand they also imply that based on CNT volume fraction and interphase thickness, the gage factor of FFRPC can be purposely tuned over a large range.
The piezoresistive responses of FFRPC with randomly aligned CNTs in the interphase region (2µm thickness) are shown in Fig. 15 . It is found that when considering only the electrical tunneling effect, for nanoscale CNT volume fractions up to to 80%, the overall resistivity at each volume fraction is nearly unchanged with the applied macroscale strain, i.e.
there is almost no observable piezoresistive response beyond that of the geometric piezoresistive response when ρ eff (ε avg 33 ) = ρ eff (0). This is because the nanoscale RVE uses the high aspect ratio argument such that CNTs span the local axial direction (thickness) of the nanoscale RVE. This means that the transverse electron hopping governed resistivity of the radial oriented cases has to directly compete with the resistivity of the CNTs themselves for nanoscale RVEs aligned in the fuzzy fiber axial direction. As a result, the CNT conductivity formes saturated conductive paths of at least 4 orders larger than that of the transverse paths. Even with strain the transverse paths are not able to change to comparable level of the CNTs. In fact, only when the nanoscale volume fraction of CNT is 90% can a noticeable non-geometric piezoresistive response be observed, as seen in Fig. 15 . This is because at this extremely high nanoscale volume fraction, the electrical tunneling effect is strong enough to be comparable with the conductivity of CNT and thus, can have an influence on the overall piezoresistivity. The effective gauge factors corresponding to these electron hopping only cases are 1.475, 1.467, 1.434, and 14.9, respectively, for volume fractions from 60% to 90%. The decrease in effective gauge factor from 1.475 to 1.434 when the volume fraction of the CNT is from 60% to 80% is due to the fuzzy fiber tow becoming stiffer when the volume fraction of CNT is higher. In contrast, the gauge factor of FFRPC with 90%vol CNT is an order of magnitude larger as it consists of both of the geometric effect and the electrical tunneling effect.
When the inherent piezoresistivity of the CNT is considered along with the electrical tunneling effect, there is a clearly discernible piezoresistive response in the observed effective resistivity of the FFRPC for all nanoscale CNT volume fractions as seen in Fig. 15 . This can again be attributed to the implementation of the high aspect ratio of the CNTs within the nanoscale RVE and the conductive paths which nanoscale RVEs form within the interphase. For the value of inherent CNT piezoresistive gauge factor applied here (10), the rotated average microscale strain lead to local axial strains on the CNTs which induce measurable changes in the axial CNT conductivity, thereby directly affecting the axial conductive paths formed within the randomly oriented interphase. Correspondingly, the overall piezoresistive effects of FFRPC with 60%vol -90%vol CNTs are larger compared to the ones without inherent piezoresistivity of the CNT, with the gauge factors of ∼5.5 for 60%vol -80%vol
CNTs, and 18.2 for 90%vol CNTs.
So far, we have modeled the FFRPC with CO and RA interphases. By considering only the electrical tunneling effect, which is the main mechanism, it is found that the FFRPC with CO interphases can yield large gauge factors ranging from ∼30 to ∼120. In contrast, although the mechanical properties are improved due to random orientation of the CNT, the FFRPC with RA interphases yield smaller gauge factors of ∼1.5, which is close to the ones reported in [12] (1.6 -2.3). However, by comparing with the experimental gauge factors obtained here (∼0.14), it is found that the gauge factors of FFRPC with RA interphases are still one order higher, even though from characterization work it is found that the CNTs on the fuzzy fibers are indeed randomly oriented. The reason for the over prediction of gauge factors may attribute to several FFRPC characteristics that the model has not captured, for example, the sparse regions of CNTs along fuzzy fiber length (Fig. 2(c) ), the curvature and distribution of different CNT types (Fig. 2(e) ), the random dispersion of fuzzy fibers within the matrix infused tow (Fig. 4(c) ), and the asymmetric distribution of CNTs aroundglass fibers within the matrix infused tow (Fig. 4(d) ), etc. Among all these factors, the most important thing we believe that can have a significant influence on the overall piezoresistive response of FFRPC is the sparse regions of CNTs along the fuzzy fiber length. In order to show its importance, a simplified model is used and introduced in section 5.2.
Modeling of FFRPC with Sparse Regions of the CNT
In the models as discussed in section 5.1, it is assumed that the CNTs are either axially homogenous for the CO interphase, or axially statistically homogeneous for the RA interphase, such that the microscale RVEs with a small axial thickness can be used. However, due to processing or handling defects, the CNTs on the fuzzy fibers may be peeled off or form sparse regions, which disrupt the axial conductive paths and cause the material to be nonhomogeneous in the axial direction. As such, to obtainG 
in whichL 0 andÃ 0 are the original length and cross-section area of the fuzzy fiber tow,ε avg 33 is the volume averaged axial strain component within the fuzzy fiber tow region, and the axial resistivityρ eff 33 is depending on both of the axial locationX 3 and the macroscale strain field at X 3 . In order to show the sensitivity of the overall piezoresistivity of FFRPC to the presence of the sparse regions, a model with simplified assumptions is used instead for demonstration purposes. As seen in Fig. 16(a) , it is assumed that on 99.5% of the fuzzy fiber tow, the CNTs are randomly dispersed and statistically homogeneous, with the macroscale average strain fieldε avg ij of the entire fuzzy fiber tow region applied as homogeneous boundary conditions. The remaining 0.5% is considered as sparse regions and is assumed to be concentrated at one spot within the tow. The geometry of the sparse region is further assumed to be unchanged, and the resistivity is also assumed to be unchanged and is four orders higher than the 24 remaining 99.5% region. Therefore Eq. (7) can be simplified into two sub integrations and the overall piezoresistive responses of FFRPC are obtained, as seen in Fig. 16(b) . It is found that compared to the FFRPC with randomly oriented CNTs and without sparse regions, with only 0.5% sparse regions the overall resistance is increased by 1 to 2 orders and the overall gauge factor is decreased by 1 to 2 orders, which is comparable to the gauge factors from experiments as shown in Fig. 12 . Thus it can be seen that the sparse regions are indeed likely to have a big influence on the overall piezoresistive response of FFRPC. 
Conclusions
The piezoresistive response of FFRPC is characterized by using the single tow piezoresistive fragmentation tests, and at the same time is modeled by using a 3D multiscale piezoresistive model. The experimental work shows that the CNTs on the fuzzy fibers are densely packed and randomly dispersed. Approximately linear piezoresistive effect is observed within the fuzzy fiber tow region, and the gauge factors from the tests are on the average of 0.14.
The 3D multiscale piezoresistive modeling work shows that the FFRPC with homogeneous cylindrically orthotropic interphase can theoretically yield very large gauge factors varying from ∼30 to ∼120, and that inherent piezoresistivity of the CNT can have very little influence on the overall piezoresistivity for such a microstructure. On the other hand, although itis found that the mechanical properties are improved due to random orientation of the CNT, the FFRPC with statistically homogeneous random interphase yield smaller gauge factors of ∼1.5. This is because the random oriented CNTs in the interphase can form conducting paths directly, which saturates the conductivity and thereby undermines the FFRPC piezoresistive response induced by electrical tunneling. However such a dispersion of CNTs within the nanocomposite interphase is very sensitive to the inherent piezoresistivity of the CNT.
It is found that both of the FFRPC with cylindrically orthotropic and randomly oriented interphases yield gauge factors much larger than the ones as obtained from our experiments (0.14 on average). By considering other factors that may influence the piezoresistive response of FFRPC, it is found that the sparse regions of the CNT along the fuzzy fiber length can have strong effects on the macroscale gauge factor of FFRPC. In sum, based on the modeling work, it is believed that the reason for the observed small gauge factors not only originates from random dispersion of the CNTs within the fuzzy fiber interphase, but also from some other factors such as the CNT sparse regions along the fuzzy fiber length. Based on these results, we have a better understanding of how to tailor the gauge factors of FFRPC based on nano and microscale architectures such that large, consistent, and predictable gauge factors can be purposely obtained for potential SHM applications.
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